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Oxygen Reduction at Carbon Supported Lanthanides: The Role of

the B-site

Veroénica Celorrio,® Ellie Dann, ® Laura Calvillo, David J. Morgan,® Simon R. Hall,® and David J.

Fermin*

Abstract: The kinetics of the oxygen reduction reaction (ORR) at
carbon supported transition metal oxides in alkaline solutions is
systematically investigated as a function of the nature of the B-site.
The study is focused on LaBOs; (B = Cr, Co, Fe, Mn and Ni)
nanoparticles synthesized by an ionic liquid route, offering fine control
over phase purity and composition. Activity towards the ORR was
compared with commercial Pt/Etek catalyst. Detailed electrochemical
analysis employing a rotating ring-disc electrode provides conclusive
evidences that the carbon support plays an important contribution in
the faradaic responses. Decoupling the contribution of the carbon
support uncovers that the reactivity of LaMnO; towards the 4e- ORR
pathway is orders of magnitude higher than for the other lanthanides.
We rationalise these observations in terms of changes in the redox
state at the B-site close to the formal oxygen reduction potential.

Introduction

Oxygen reduction reaction (ORR) is one of the most challenging
reactions in energy conversion devices such as fuel cells and
metal air batteries.”! In alkaline environment, it is generally
considered that ORR can proceed via a four electron transfer to
produce OH" (1), or via a two electron transfer to produce HOZ
(2.2

0O, + 2H,0 + 4e” — 40H- 1)

O, + H,O + 2e" — HO; + OH" (2)
The generation of OH" from HO; can be achieved by either the
redox step (3),

HO3 + H20 + 2e- — 30H" 3
or the decomposition reaction (4)
2HO0; — 20H + O, 4)

Platinum-based catalysts are often quoted as benchmark
materials for the ORR in acid and alkaline environments,®! while
significant efforts have also been focused on earth abundant and
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low-cost materials.®! Noble metal based catalysts are
fundamentally limited by the so-called scaling factors arising from
the fact that multiple intermediates are involved in the overall
reaction.’® On the other hand, transition metal oxides have been
generating a lot of interest for fuel cells operating under neutral
and high pH conditions.’® Complex transition metal oxides are a
huge family of compounds and the establishment of appropriate
descriptors linking structure and reactivity is crucially important in
this field.

Since the seminal work by Bockris and Otagawa in the 1980’s,[]
the establishment of descriptors correlating electronic properties
of perovskite oxides and their activities towards oxygen
electrocatalysis have been subject of considerable debate. More
recently, the elegant work by Suntivich et al. suggested that single
electron occupancy of the ey orbital represents the optimum
configuration for oxygen electrocatalysis.!! These authors
proposed empty ey orbitals leads to strong B-O, bonding, while
fully occupied eq orbitals significantly weakens O, binding.®®! DFT
calculations also concluded that the adsorption strength of
intermediates increases as the number of outer B-site valence
electrons increases.® 9

Although these descriptors are conceptually simple and attractive,
there are a number of issues which are not fully understood.
Discussion mainly focuses on the strength of B-O, bonding, which
may not necessarily be the rate determining factor in the 4-
electron process. Furthermore, recent studies have provided
compelling evidences that perovskites based oxide materials
inherently exhibit A-site surface segregation after being prepared
at high temperatures.l*? Burriel et al. demonstrated that the outer
surface of La,xSrkNiOa4:s single crystals is mainly (La, Sr)O
terminated. 10!

Another important aspect to consider is that many of these oxides
are poor electronic conductors, requiring their dispersion in
porous carbon films to improve charge transport. As the activity of
these oxides is measured in alkaline solution, the contribution of
the ORR reaction at the carbon surface (2-electron reaction) must
be accounted for.'Y Hardin et al. reported that the addition of
carbon to the electrode improved the activity of oxides for oxygen
reduction, but not for oxygen evolution, concluding that carbon
materials play a key role in the mechanism beyond charge
transport.l*? The work by Poux et al. showed that carbon not only
offers electrical contact to oxide nanoparticles, but also reduces
O, to (HO3). This process could be coupled to the reaction at the
oxide material, which may lead to generation of OH" by either
reactions (3) or (4).1°¢ 13 Malkhandi et al. observed this synergetic



effect investigating the activity of LagCapsC00s4 (LCCO)
supported on acetylene black carbon.[*4

In the present work, we report an analysis of the ORR kinetics
catalyzed by phase pure LaCrOs3, LaMnO3, LaFeO3, LaCoO3 and
LaNiO3 nanoparticles supported on Vulcan XC-72R. These
particles were prepared by a highly versatile ionic liquid
method.*® The reactivity of the carbon supported oxides was
studied by rotating ring-disk electrodes (RRDE), monitoring the
ratio between 4- and 2-electron mechanisms. Employing the
model developed by Damjanovic et al.,'%! the phenomenological
rate constants for the 4-electron process were estimated as a
function of the electrode potential. Our studies show the reactivity
of LaMnOg3 towards the 4-electron process is several orders of
magnitude higher than for the other oxides. These observations
do not appear to support d-orbital occupancy of the B-site as the
key activity descriptor in these systems. We rationalize the higher
activity of LaMnOg in terms of changes in the oxidation state of
Mn (Ill) sites at potential close to the formal ORR potential. We
discuss the nature of the active sites and propose an alternative
approach to benchmark the reactivity of these materials.

Results and Discussion

Figure 1 shows XRD data of the various oxide nanoparticles
synthesized by the ionic liquid method. All of the diffractograms
are characterized by a high phase purity judging from the match
with reported standards. LaMnO; was indexed to the
rhombohedral (R-3cH) phase which is consistent with an oxygen
excess 0. Stoichiometric LaMnOg3 has been reported featuring an
orthorhombic crystal structure,*” which is characterized by XRD
patterns substantially different to those shown in figure 1. A
quantitative analysis of the oxygen content based on XRD
patterns is somewhat complex due to signal broadening
introduced by the nanoscale dimensions of the crystalline
domains. In the case of LaMnOs.s, a significant splitting of the
XRD peak between 32 and 34° can be observed for values of 6 >
0.09. Consequently, we expect the oxygen content below this
level for the particles examined in this work. Having established
this point, and for the sake of simplicity, we will be referring to this
material as LaMnOs throughout this work. LaFeO3; was indexed to
the corresponding cubic (Pm3m) phase. LaCrOgz exhibited the
orthorhombic (Pbnm) phase, while LaCoO; and LaNiO; were
assigned to the rhombohedral phase.
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Figure 1. XRD of LaCrOgz, LaFeOs, LaCoOs3, LaMnOs+5 and LaNiOz. Red vertical
bars correspond to standard patterns JCPDS-ICDD File No. 01-071-1231, 01-
075-0541, 00-048-0123, 01-073-8342 and 01-072-1241, respectively.

A representative SEM image of LaNiO3 is shown in Figure 2,
illustrating the characteristic morphology and microstructure of
the synthesized oxide. EDX analysis of a section of the porous
network reveals a homogeneous distribution of La (figure 2b) and
Ni (figure 2c). Quantitative elemental analysis was also consistent
with the material stoichiometry. These results, also observed for
the other lanthanides (Supporting Information Figure S1), are
consistent with the high phase purity revealed by XRD.

o 3 - SR Y
a{ vgf"‘j :

Figure 2. Representative SEM (a) micrograph of LaNiOsz, with the

corresponding La (b) and Ni (c) elemental mapping.



Figures 3a and 3c show representative TEM images of LaMnO;
and LaNiOgs, respectively, illustrating nanocrystals with mean
particle sizes of 35 nm (TEM images of the other oxides can be
found in Figure S2 of the supporting information). Particle size
distributions (shown in figure S3) are relatively broad with
LaMnOs, LaNiO3; and LaCoOj3 oxides exhibiting a mean diameter
between 30 and 35 nm. Larger particles were obtained for LaFeO3
(60 nm) and LaCrOs; (195 nm). The larger particle size for the
latter two oxides reflects, to a large extent, the fact that higher
temperatures were required to promote phase purity. The lattice
fringes observed in high resolution TEM images (figures 3b and
3d) demonstrate the high degree of crystallinity of the as-prepared
oxides. The 0.27 nm d-spacing obtained for LaMnOs (fig. 3b) is
consistent with the {110} planes. Figure 3b also shows that the
size of the crystalline domains is comparable to the nanoparticle
size. In the case of LaNiO3 (figure 3d), the 0.38 nm spacing is
linked to the {012} planes. HRTEM images of the other oxides can
be found in the Supporting Information (Figure S4).
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Figure 3. TEM and HRTEM images of as-synthesized LaMnOs (a, b) and
LaNiOs (c, d).

XPS spectra of LaNiOs;, LaMnOgs, LaFeOs; and LaCoOgs; are
displayed in Figure 4, showing the La 3d, Ni 2p, Mn 2p, Fe 2p and
Co 2p regions. La 3ds,, (833.5 - 835.1 eV) and La 3ds, (850.3 -
851.9 eV) signals are split into two peaks each as a result of
contributions from several initial and final states, with the La 3ds;,
binding energy (BE) consistent with a La®* state.l*®! The La 3d line
contains also the components associated with La,Oz/La(OH)3
(components at higher BEs) resulting from La surface
segregation,*8 which may be responsible for slight variations in
the peak shape for the various oxides. The La 3ds. peak overlaps
with the main Ni 2ps. peak, making difficult the accurate
determination of the Ni 2p BE and, therefore, the Ni oxidation
state. However, the positions of the Ni 2ps/, satellite and Ni 2p1/,
peaks at 861.4 and 872 eV, respectively, are in agreement with a
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Ni®* state. The BEs of the Co 2pa» (780.1 eV) and Fe 2pz, (710.2
eV) peaks are also good indicators of 3+ oxidation state of the B-
site. In addition, the Co 2p line does not show the Co 2p3, satellite
peak at 786 eV, characteristic of Co?*. The presence of a Fe 2pzp,
satellite peak at 719 eV further supports the assignment to a Fe®*
oxidation state. In the case of Mn 2ps,, BE associated with the
oxidation states 4+ (642.2 eV) and 3+ (641.9 eV) are very difficult
to resolve. However, taking into account the information obtained
from XRD, electron microscopy and elemental analysis, we can
conclude that the B-site oxidation state of all of the as-grown
material is primarily +3.
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Figure 4. Characteristic XPS spectra of La 3d, Ni 2p, Mn 2p, Fe 2p and Co 2p
core levels for LaNiOs, LaMnOs, LaFeOs and LaCoOs.

La:B-site surface atomic ratios in the range of 2 to 5 were
observed for this family of lanthanides, indicating a significant
surface segregation of the A-site. Observations of La enriched
surfaces are consistent with previous reports on other perovskite
materials.[% 1% This is rather significant in the case of LaCo0Os,
which is responsible for the low signal-to-noise-ratio of the Co 2p
photoemission lines. Although the ensemble of characterization
studies consistently show high phase purity and crystallinity, the
observation of La-enriched surfaces may call into question the
role of the B-site on the electrocatalytic properties of these
materials.

Figure 5 compares the current densities at the disk (jp, bottom
panel) and the ring (jr, top panel) of LaCrO3, LaMnOs, LaFeOs,
LaCoO;3 and LaNiO;3 electrodes at 1600 rpm and 0.010 V st in a
O, saturated 0.1 M KOH solution. Current densities were
calculated using the electrode geometrical area. Under the same
conditions, the responses obtained for Pt/Etek and a Vulcan film
are also shown. The onset potential for 20% wt. Pt/Etek catalysts
is in agreement with previous studies in the literature.'® The first
striking observation is that the onset potential for ORR is rather
similar for several oxides and the Vulcan film. This onset potential
falls within the range of values reported in the literature for various
carbon materials in alkaline media.?”! On the other hand, LaMnO3
shows an onset potential significantly more positive, featuring a
shoulder in the range between 0.75 and 0.85 V. As discussed
further below, this feature is important in order to understand the
high activity of LaMnQg3. The response observed for the Pt based



catalyst is consistent with the 4e- ORR pathway.?l The angular
rotation rate affects the overall current density in large portions of
the potential range as illustrated for LaMnO3, LaNiOz and Vulcan
electrodes (no oxide catalysts) in the supporting information
(Figures S5 and S6).

It is interesting to see that the magnitude of the ring and disc
current densities for LaCrOs, LaFeO3; and LaNiOs electrodes are
affected by the nature of the B-site. However, the ORR onset
potential is very similar for all of these materials and very close to
the onset potential for the Vulcan film. This behavior is consistent
with the view that B-site does play a role on the catalytic activity
of ORR, but primarily on the reduction of HO, (reactions 3 and
4).221 The catalytic activity of perovskite materials in the HO;
disproportionation reaction has been discussed in previous
publications. 32 23
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Figure 5. Disk current density (jo) as a function of potential of Vulcan supported
LaCrOs, LaMnOs, LaFeOs, LaCoOs and LaNiOs electrodes at 1600 rpm in O2-
saturated 0.1 M KOH and a scan rate of 10 mV s™. The Pt-ring responses (jr)
were recorded by holding the potential at +1.1 V. The performance of the
lanthanide catalysts are also contrasted with those of the carbon support
(Vulcan) and the commercial Pt/Etek catalyst.

Using the current values recorded at the disk and ring electrodes
at 1600 rpm, the HO; yield as function of the electrode potential
was calculated for each of the materials investigated (Figure S7).
LaMnO; and Pt/Etek electrodes exhibit less than 7% HO, yield
over the whole potential range, while the other perovskites exhibit
a more substantial yield following the trend LaCrO; > LaFeO; >
LaNiO; > LaCoOs. This behavior shows that LaMnO3; not only
features a significantly more positive onset potential for ORR, but
also a stronger tendency to the 4e” process (eq. 1). As shown in
figure S8, decreasing the LaMnO3 loading to 62.5 pug cm leads
to a slight increase in the ring current density and a decrease in
the diffusion limited disk current density. This behavior is
expected as the overall contribution of the carbon support to the
ORR increases with decreasing catalyst loading. However, in the
potential range where ORR exclusively takes place at the LaMnO3
particles (between 0.7 and 0.9 V), the ring current remains very
small and independent of the oxide loading. This observation
confirms that low HO3 yields in the presence of LaMnO3; are not
related to catalyst loading.
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Figure 6 exemplifies the dependence of the disc current (ip) with
the angular rotation (w) for LaMnOs; and LaNiO; following the
Koutecky-Levich formalism,

1 1,1 _ 1 1
—=—+-—=—+ 5
ip ip iL ix 0.62nAFcD2/3v—1/641/2 ©)

where ik and iL are the kinetically and mass transport limiting
current. The latter parameter is dependent of the number of
transferred electrons (n), oxygen diffusion coefficient (D=1.9x10"
5 cm? s1),P4 bulk oxygen concentration (c=1.2x10° mol cm?d),
kinematic viscosity (v=0.01 cm? s*). Other parameters in eq. 5
include the disc geometric area (A) and the Faraday constant (F).
LaMnOs (figure 6a) exhibits a linear dependence in the potential
range between 0.60 and 0.30 V, with a slope consistent with n =
4. The same slope can also be observed even at potentials close
to 0.9 V and for LaMnO3 loading as low as 62.5 ug cm2 (Figure
S8). On the other hand, LaNiOs (figure 6b) shows a slight change
of slope with increasing angular rotation rate; a behavior also
seen for LaCrOs, LaFeOs; and LaCoOs3 (Figure S9). The change
of slope can be linked to the dynamics of peroxide reduction at
the catalyst surface considering a reaction path based on egs. 2
and 3. Increasing rotation rates can decrease the probability of
the second reduction step (egs. 3), leading to a value of n closer
to 2. Figure S10 shows the effective value of n estimated from
the ratio between the ring and disc currents at 1600 rpm, evolving
from values between 2 and 3 for the various oxides to a value of
4 for LaMnO3 and Pt.

Several models have been developed for quantitative analysis of
ORR kinetics employing RRDE.1}: 25 One of the simplest
approaches was proposed by Damjanovic et al., correlating the
ring and disc currents in order to establish the ORR pathway.[16!
As llustrated in scheme 1, the direct 4e- oxygen reduction
pathway is defined in terms of negligible population of HO3 within
the experimental time scale. On the other hand, the so-called
indirect path involves a measurable population of HO; which can
be detected at the ring. In scheme 1, only species within the
reaction layer (denoted with *) can undergo electron transfer with
either the disc or ring, as opposed to bulk (b) species. The
phenomenological rate constants associated with direct (ki) and
indirect (kz) pathways contain contributions from a variety of
parameters such as particle size, catalyst loading, intermediate
coverage, rate constant of elementary electron transfer steps and
so forth. Full details on the assessment of the various rate
constants are given in the Supporting Information (Equations S3
to S9). We shall focus on the value of k; as this is the relevant
parameter in the context of alkaline fuel cell applications. As
described in the supporting information, k; is directly extracted
from the values of ip, ir and N.
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Figure 6. Koutecky-Levich plots for ORR on LaMnOs (a) and LaNiOs (b)
electrodes in Oz-saturated 0.1 M KOH at different potentials. Dotted lines
represent the characteristic slopes for the two different reactions.

Scheme 1. Simplified ORR mechanism illustrating the direct and indirect
pathways with the associated phenomenological rate constants ki, k2 and ka.
Subscripts b and * designate bulk and reaction layer, respectively.

ki (+ 4e)
00— 0, k (+ 2¢) HOZ., kstr2e) o
‘ka
HOZ

Figure 7a shows the potential dependence of k; for the various
lanthanides. The phenomenological rate constants show an
exponential increase as the potential decreases, with LaMnO3
exhibiting measurable values at potentials more than 150 mV
more positive than the other lanthanides. The potential
dependence of this rate constant is similar for all oxides.
Extrapolating the value of ki to 0.7 V allows establishing a
comparison of the various oxides as exemplified in figure 7b. We
have chosen this potential in order to minimize extrapolation of
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the measure trends over large potential ranges. Figure 7b further
emphasizes the fact that LaMnOg3 exhibit a unique activity towards
ORR. Indeed, small differences in the overall magnitude of k; can
be observed for the Fe, Co and Ni based oxides, while LaCrOs
exhibit significantly lower values. The ratio k2 / ki is shown in
Figure S11 of the Supporting Information. The trend is the
opposite of the one observed for k;, with LaCrO3 exhibiting three
orders of magnitude higher ratio than LaMnOs. On the other hand,
the values for the phenomenological ks constant were in the range
of 10° to 10* cm s* for all oxides over the potential range
investigated (figure S11).
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Figure 7. Phenomenological rate constant for the direct 4e” process (ki)
calculated for the different materials in 0.1 M KOH employing the Damjanovic’s
method (a). ki at 0.7 V versus the number d-electron in the B-site metal (b). As
ORR onset potential is very different in the case LaMnOs, the value of k1(0.7 V)
was obtained from extrapolating the trend in figure 7a. These plots demonstrate
that the reactivity of LaMnOs towards the 4e” ORR is significantly higher which
cannot be directly correlated to B-site orbital occupancy.

As shown in figure 7b, the value of k; do not correlate with the
number of d-electrons of the B-site. Furthermore, the single egq
orbital occupancy descriptor fails to describe this trend.®"! LaFeOs
has double e4 occupancy, while LaCoOs, LaNiO; and LaMnOs
have single occupancy, and LaCrO3 exhibits empty eq orbitals. 6
26 |t could be argued that the vacant eq orbitals in LaCrOs
determines the low performance of this material for direct ORR,



yet it is clear that the high activity of LaMnO3; arises from an
entirely different physical parameter. In order to rationalize this
activity trend, we shall focus our attention onto the redox
properties of the perovskite oxides in absence of Oa.

Figure 8a contrasts cyclic voltammograms of the various Vulcan
supported oxides in Argon-saturated 0.1 M KOH solution at 10
mV s*. No clear redox responses can be observed for LaFeOs,
LaCoOj3; or LaCrO3 within the potential window relevant to ORR
reaction. LaNiO3 does exhibit a reduction wave with an onset
located around 0.2 V more negative than the onset of ORR at the
carbon support. Figure 8a also shows that LaMnO3 exhibits two
reduction steps with peaks centered at 0.90 and 0.45 V. These
changes of oxidation state occur in the same potential range
reported for the reduction of Mn,O3 to MnzO4 and from MnzO, to
Mn(OH)*, respectively.[% 271 |t is clear that only LaMnOj3 exhibits
clearly changes in redox states at potentials more positive than
the onset of ORR at the carbon support. Consequently, we
postulate that the higher activity with respect to other lanthanides
is directly linked to changes in Mn oxidation state close to the
ORR formal redox potential.
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Figure 8. Cyclic voltammograms of the Vulcan supported oxides in Ar-saturated
0.1 M KOH solution at 10 mV s. Oxide loading is identical to those reported in
figure 5. The responses of LaCoOs and LaCrOs are superimposed and cannot
be clearly differentiated in this scale (a). Potential dependence of ik and of the
charge associated with redox processes at LaMnO3 (b).
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The charge associated with the reduction steps at LaMnO3 as a
function of the applied potential is displayed in figure 8b. On
average, the charge obtained across the potential range is
consistent with approximately 2% of the Mn population per
nanoparticle undergoing an oxidation state for Mn3* to Mn?*.
However, integration of these voltammetric responses is
somewhat complicated by the presence of a large capacitive
current also observed in the case of LaNiOs. This interesting
observation has already been reported by Stevenson and co-
workers, linking this phenemenon to anion (OH") intercalation. 2!
Figure S11 graphically exemplifies the background subtraction
implemented for estimating the reduction charge. It should also
be mentioned that the faradaic charges associated with the
anodic and cathodic cycles are very similar, while the responses
appear stable within a number of cycles in this potential range.
These results suggest that the stability of these materials is not
significantly compromised within the time-scale of these
experiments.

Figure 8b also shows the change in the kinetically limited current
(i) obtained from Koutecky-Levich analysis of the LaMnOs.
Interestingly, the reduction charge and ix show similar trends as a
function of the applied potential except at values more positive
than 0.9 V. There is a sizeable increase of the charge at potentials
above 0.9 V which does not manifest itself in clear changes in ix.
It should be considered that a variety of processes can be
contributing to the electrochemical responses in this potential
range as recently reviewed by Shao-Horn and co-workers,
highlighting aspects related to crystallite size and phases.?%
Ahmad et al. estimated differences in O, binding energies as large
as 2 eV for different Mn sites as a result of Janh-Teller distortions
in orthorhombic phases.% Furthermore, processes such as OH-
intercalation mentioned above,”® may also contribute to the
current responses in this potential range. Consequently,
additional studies are required in order to rationalize the various
processes contributing to the voltammetric responses and to
identify the species responsible for the strong changes in ix.

Finally, an interesting point to assess is the performance of
LaMnOs with respect to Pt/Etek, considering that both materials
essentially operate through the 4e” reduction mechanism. Table
S2 summarizes the main activity descriptors obtained from the
RRDE responses, including ik at 0.90 V. This parameter is
commonly used as activity descriptor, avoiding controversial
extrapolations over large potential ranges (Tafel plots).?t Table
S2 shows values of (2.4+0.4)-10* and (1.2+0.2)-10° A for Pt and
LaMnO; catalysts, which reflect the difference in the current-
potential relationship between Pt/Etek and LaMnOg seen in figure
5. However, it should be considered that catalyst loadings and
particle size are significantly different for both materials (see
Table S1 of the Supporting information). Normalizing ik(0.90 V)
by SSA (see footnote 2 and table S2), we estimate (8.0+1.4)-10
A cm2 for Pt and (1.5£0.1)-10% A cm2 for LaMnOs. The value
obtained for Pt/Etek is consistent with values reported in the
literature under alkaline conditions.?'2 21 On the other hand, we
obtained kinetic currents normalized by mass comparable to
recent reports.?> 291 |n this analysis, it ought to be considered that
significant levels of A-site segregation can occur in this material
according to our XPS analysis, as well as by others.® The charge
estimated from the voltammetric responses (see fig. 8b and S11)



over the entire potential range can be used as an indication of the
number density of surface Mn sites. In the case of Pt
nanostructures, the number density of surface Pt atoms can be
estimated from voltammetric parameters such as hydrogen
desorption, oxide reduction and adsorbed CO oxidation peaks
(see figure S11). Normalizing the kinetic current at 0.90 V by the
number of electroactive surface sites, we obtain values of the
order of (2.9+0.3)-10"?! and (1.3+0.4)-10%° A for LaMnOs and Pt-
Etek, respectively. The error margins in these estimation also take
into account uncertainty in the background subtraction. This
analysis reveals that surface Mn(lll) sites are significantly more
active than previously considered, in particular if kinetic
descriptors are only normalized by mass or specific surface area.

The ensemble of experimental observations strongly point
towards changes in the oxidation state of Mn(lll) sites as the key
process leading to ORR, including oxygen bond breaking. We
believe these observations are crucially important for rationalizing
the properties of these materials. Parameters such as oxygen
adsorption energies at surfaces in their equilibrium electronic
configuration only represent one aspect of the physics involved in
these complex reactions. In the broader context of oxygen
electrocatalysis, these results are also consistent with recent
studies showing that the most active catalysts for the oxygen
evolution reaction do exhibit changes in redox states under
operational conditions.? The challenge remains in identifying the
most active Mn sites and developing synthetic routes to
overexpress these sites. For example, selecting the appropriate
A-site may not only lead to an optimum charge density at the Mn
sites,®3 but also minimize its surface depletion.

Conclusions

In this work, we have shown that LaMnO3 exhibits unique activity
towards the ORR which is linked to changes in oxidation state of
the B-cation at potential close to the formal oxygen redox
potential. Our investigations revealed that descriptors such as the
number of d-electrons or ey orbital occupancy cannot rationalize
the several orders of magnitude difference in activity between
LaMnO3 and several other lanthanides towards the 4e" reduction
mechanism. To uncover this piece of information, gquantitative
electrochemical studies involving rotating ring-disc electrodes are
performed in order to deconvolute the reaction pathways and to
quantify their corresponding rate constants. Furthermore,
quantitative analysis was enabled by the preparation of Vulcan
supported oxides with high phase purity, crystallinity and
nanoscale structure. Indeed, our versatile ionic liquid based
approach allowed the facile synthesis of LaCrOsz;, LaMnOs,
LaFeOs, LaCoO3 and LaNiOs.

We provide conclusive evidences confirming that carbon supports
play a major role in the ORR process, particularly in the case of
LaCrOs, LaFeOs, LaCoO3; and LaNiOs. The ORR onset potential
at these oxides overlaps with HO; generation at the carbon
support. On the other hand, LaMnO3 exhibited an onset potential
for ORR significantly more positive than the other carbon
supported oxides, with nearly 100% selectivity towards the 4e-
reaction. This behavior translates into phenomenological electron
rate constant for the 4e" process several orders of magnitude
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higher in the case of LaMnOs;. The origin of this distinctive
reactivity is associated with the electronic population of Mn (lIl)
surface state with energy closely overlapping with the oxygen
reduction energy. A key challenge is to identify the nature of the
active Mn (Il1) state in order to develop synthetic methods capable
of over-expressing this active site. Other results, to be reported
elsewhere, show that this site can be affected by the oxygen
content in the crystal structure as well as the properties of the A-
site.

Experimental Section

LaCrOs, LaMnQg, LaFeOs, LaCoOs and LaNiOs particles were synthesized
using an ionic liquid/cellulose system, based on a procedure reported
elsewhere.'3 Briefly, 1 mL of 1 M aqueous solution of the metal precursors
(nitrate salts) was added to a vial containing 1 mL of 1-ethyl-3-
methylimiamidizolium acetate and heated at 80°C for 2 hours to promote
water evaporation and precursor phase transfer. Dissolution of 100 mg of
cellulose, acting as chelating agent, over the course of 15 minutes and
subsequent calcination of the mixture at different temperatures for 2 hours
produced the desired multicomponent metal oxide phase. The calcination
temperature was set at 700°C for LaMnO3, 800°C for LaNiOz and LaCoOs,
and 900°C for LaFeOs and LaCrOs. The different calcination temperatures
were established such that high levels of crystallinity are ensured, while
minimizing the presence of secondary phases. Phase purity is the key
parameter to control, requiring adjusting the crystallization temperature
according to the thermochemistry of the B-precursor.

XRD was performed with a Bruker AXS D8 Advance diffractometer
featuring a CuKa radiation source (A = 0.154 nm). X-ray photoelectron
spectra (XPS) were acquired with a Kratos Ultra Axis XPS system
equipped with a delay-line detector (DLD). Core-level photoemission
spectra were taken at room temperature in normal emission using a
monochromatic Al Ka X-ray source (1486.7 eV). Single spectral regions
were collected using 0.1 eV steps, 0.5 s collection time and 20 eV pass
energy. The binding energies (BE) were referenced to the C 1s peak at
284.7 eV (not shown).The structure of the catalysis was also investigated
with scanning (JEOL SEM 5600 LV) and transmission electron microscopy
(JEOL JEM-1400Plus and JEOL JEM 2010). Samples for TEM were
produced by placing 1 yL drops of the oxide particles dissolved in ethanol
on a 3 mm diameter carbon-coated copper grid. Mean particle diameters
were estimated from at least 100 nanoparticles per sample.

Electrochemical measurements were conducted using a rotating ring-disk
electrode (RRDE) operated with an ALS Rotation Controller and an Ivium-
CompactStat bipotentiostat. The RRDE consisted of a 4 mm diameter
glassy carbon disk and a platinum ring with a 7 mm outer diameter. The
RRDE collection efficiency was determined to be 0.42 employing
ferrocenemethanol as redox probe. Pt foil and Hg/HgO (1 M NaOH, 1J
Cambria) were used as counter and reference electrodes, respectively.
We have performed experiments with different counter-electrodes
including graphite and Au rods, confirming that the responses are not
affected by contamination from the counter-electrode (see Supporting
Information figure S12). Furthermore, there is no time dependence in the
performance of any of the catalysts which may suggest any aging issues
within the time-scale of the studies. Every set of experiments was carried
out with fresh electrolyte solutions. The reference electrode, which was
calibrated against the reversible hydrogen electrode (RHE), was placed in
a separate compartments connected by a Luggin capillary. To facilitate the
discussion, all potentials herein are quoted against RHE. Measurements
were carried out in a 0.1 M KOH solution purged either with high purity Ar
or Oz (BOC). The uncompensated resistance estimated by
electrochemical impedance spectroscopy was typically 70 Q. Under the
current experimental conditions, effects from IR compensation are



negligible. Every set of experiments was carried out with fresh electrolyte
solutions.

Electrodes were prepared by a two-step drop-casting process. Controlled
amounts of an ink containing Vulcan and Na*-exchanged Nafion® (5 wt.%,
Sigma-Aldrich) are deposited onto the glassy carbon disk, followed by
drop-casting an aqueous suspension of the oxide. Keeping the oxide and
carbon in separate suspensions allows visualizing the homogeneity of the
suspensions prior to the drop-casting steps. The final loading onto each
electrode was 250 pgoxioe cm?, 50 pgvuican cm2 and 50 pgnarion cm2.
This catalyst loading is comparable to other works in the literature.[5® 34
This leads to an effective Nafion film thickness of less than 0.5 pm (see
footnote 1). Such thin Nafion layers ensures that any potential film diffusion
resistance remain negligible.?*& 3% Finally, 20 wt.% Pt supported on
Vulcan XC-72 (Pt/Etek) was used as a benchmark in these studies. The
loading of the catalysts at the electrode surface was 250 pget cm2, 1000
pgcarson cm? and 50 pgnarion cm?. We performed a large number of
experiments employing LaMnOs, with different catalyst loading, to confirm
the reproducibility and self-consistency of our approach (see supporting
information S8). Values reported here were obtained from averaging the
responses of 3 to 6 different catalysts layer of each material prepare on
different days.

Footnotes

Calculated as 1 = m/(1r?p), being m the mass of Nafion in the electrode
and p the film density assumed to be 2.0 g cm3.

2SSA was calculated assuming that the oxide particles are spherical, by
the ratio SSA (m? g1) = 6x10° /pd.
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